ABSTRACT F IVE different concentrations of very dilute dairy manure were run down 18 furrows in a sandy loam soil at rates of 200, 400, and 600 mL/min. The resulting intake rates were related to the total solids concentration of the liquid manure and the permeability of the soil. An equation is presented that fits well all of the stream advance curves. An example design problem shows how to determine the proper length of furrow and the duration of each irrigation.
INTRODUCTION
Surface irrigation systems can be used for the application of liquid wastes to crop land. Generally, the initial cost is less with surface irrigation than with sprinkler irrigation due to the lower power and piping requirement. Furrow irrigation is particularly well-suited for irrigation of tall field crops in mid-summer, when the crop most needs the water and the nutrients. At this crop stage, tank wagons and truck applicators cannot be used, and most sprinkler systems are not easily moved through the field.
When the liquid being applied contains 0.2 percent or more total solids (TS), there is a good chance that the soil will not be able to absorb the liquid at the same rate we are accustomed to with water (DeTar, 1978) ; and most sprinkler systems have a very definite lower limit on their application rate. Dilute liquid manure can have infiltration rates which are one tenth that of water (DeTar, 1978) . From the practical point of view this means that such liquids cannot be applied to sloping land with sprinklers, without causing a great deal of runoff. However, there is no such problem with graded contour furrows. The flow rate and furrow length can be designed to properly handle rather viscous liquids on land slopes of over 5 percent.
This article presents some of the basic design data needed to determine the length of furrow to use for a given flow rate, manure concentration, and soil type; it also presents a model which predicts the rate of advance of the stream in the furrow so that some estimate can be made of the proper duration of each irrigation. No similar work was found in published literature. 
PROCEDURE
As part of the "trickle-furrow" system discussed in DeTar (1978) , twenty-four contour furrows were laid out in a Morrison sandy loam soil. The furrows were 30 m long, spaced about 75 cm apart, and had channel slopes of 2 to 3 percent. The slope of the land was about 6 percent. The furrows were left exposed to the weather and kept weed-free with herbicides for 8 mo prior to the first test. Natural weathering caused the furrows to become shallow, wide, and flat bottomed, averaging 16 cm in bottom width.
A randomized complete block design was used to find the average intake rate for three different flow rates of liquid manure and one water control in each of six replications. Five different concentrations of liquid manure were run down the same furrows between June and October, 1978, with "rest periods" of 8 days or more betests.
The various concentrations were obtained by mixing fresh dairy manure with water in a tank wagon, which was taken to a point in the field above the furrows where it remained undisturbed for at least 2 days before the test. The large, heavy, fibrous particles in the mix settled to the lower half of the tank, leaving a liquor in the upper half, above the discharge port, that in most cases would readily pass through an 18-mesh screen. On the day of the test, this liquor was transferred to a livestock watering tank, from which it flowed down the slope through 15 mm polyethylene tubing. The flow into the furrows was controlled by varying the length of a piece of 4 mm vinyl tubing inserted into the polyethylene at each furrow. More details on the mixing, handling, and distribution in this "trickle-furrow" system are given in DeTar (1978) .
The flow rates used were purposely kept at very low levels, nominally 200, 400, and 600 mL/min (0.05, 0.10, and 0.15 gpm), to provide long durations for each run, and thus minimize labor requirements. The low flow rates also permit smaller distribution lines.
The rate of advance for the stream in the furrow was monitored by means of flagged pins placed at the lead point every 10 min. The flow into the furrow was continued until the stream advanced less than 0.25 percent of its length in 10 min. At this "equilibrium point", the length of the stream was recorded, along with the average width of the stream (measured at 9 equallyspaced points), the flow rate (measured with a beaker and stop watch), and the time required to reach this equilibrium.
The average intake rate was calculated for each furrow using the equation where I. Q w L average intake rate at equilibrium, in cm/min, discharge from the vinyl "microtubing" into the head of the furrow, mL/min average width of the stream, cm length of the stream at equilibrium, cm.
RESULTS AND DISCUSSION Intake Rate Table 1 shows the results of all the furrow tests. The first column, headed by I w , is the intake rate obtained using water in all furrows on the day prior to the manure test (except for the data in Table la , where l w was obtain- Table 2 . No significant correlation was found between the manure test intake rates, I e , and the week-to-week variations in water intake rate, l wp .
The analysis of variance shown in Table 3 shows that the total solids concentration, S f , has a highly significant (at the 1 percent level of confidence) effect on the resulting intake rate, I e , and that the flow rate, Q, also has a highly significant effect, but not nearly as strong as concentration. There was not enough interaction between concentration and flow rate to be significant at the 5 percent level of confidence.
Using the data in Table 2 , the regression equation for the relationship between l e and S f was found to be i-= i" S t /ki [2] where l wc is 0.188 cm/min, a characteristic intake rate for this soil with water, and k, is 0.53, a constant to be discussed later. The correlation coefficient for the relationship in equation [2] is 0.9982. Other forms of equations were found to fit the data equally well, but equation [2] was the simplest. No water test data were used to arrive at the value of I^, but its value lies in the middle of the range of permeabilities listed in the local soil survey report for this soil. One should note that the value for l wc lies just below the lower end of the range for l wp values given in Table 2 .
The effect of flow rate on the intake rate is shown in Fig. 1 . Using the error mean square from the analysis of variance, a least significant difference of 0.019 cm/min was found for the effect of Q. This means that the difference in intake rate shown between the medium-and high-flow rate curves is not significant but the difference between medium and low flow rate curves is significant at the 5 percent level of confidence. By plotting the log of the intake rate versus the log of the average flow rate within each concentration, it was found that kQ° [3] and it was noted that the exponent on Q was only 0.29 for S t = 1.03 percent TS, and it was 0.56 for S, = 0.19 TS. For the other three concentrations, the exponent did not vary a great deal from the average of 0.46. The flow rate tends to have less influence on l e at the higher concentrations. A more universal form of equation [2] is I e = 0.26I wc (-) 0 -
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-St/k, [4] The term Q/w, as used by Asseed and Kirkham (1968) , was felt to be more meaningful than Q alone, because it would be more directly related to the average stream depth. Because of its simplicity, equation [2] is preferred in general over equation [4] , but for low flow rates and low concentrations, equation [4] will be more accurate.
The parameter ki in equations [2] and [4] in general tends to be lower for the more permeable soils. Equation [2] was fitted to every individual furrow and a value of I wc and k t determined for each. Omitting one of the odd points (furrow No. 24 which had an unusual number of cracks and worm holes) a correlation and regression analysis showed that ki is related to l wc by the equation k. = 0.69 -0.874 I [5] with a correlation coefficient r = -0.721, which is highly significant. However, when the odd point is included, the correlation is not significant at the 5 percent level. [10]
and
The Advance Curves
There is a great deal of variability within any one treatment in the length of the stream at equilibrium ( Table  1) . Because of this variability in L, one way to get a valid average shape for the advance curve would be to first convert the length of stream in each individual furrow, i(at time t), to i/L, and then take an average. Each point in Fig. 2 is the average for 18 furrows, except for the water test which is average for six furrows. The horizontal scale in Fig. 2 is linear with the square root of time and this was used for the purpose of getting the broad range of equilibrium times into one figure and still show the origin and the relative shapes of the curves with short equilibrium times.
The shape of the advance curves characterizes the soil. One form of equation was found to fit all the curves shown in Fig. 2 , and its development starts with an analysis similar to that of Christiansen (1959). The total volume entering the furrow is equal to the sum of the volume stored in the furrow plus the volume which infiltrates, i.e.,
It is assumed that Philip's (1957) [6] which becomes the master equation that was found to fit all the curves in Fig. 2 with very good correlation. Equation [13] was fitted to each curve at three widely spaced points, yielding three linear equations with three unknowns, which are easily solved. The resulting values for a, b, and D s for each curve are given in Table 4 , along with the correlation coefficient, r.
Whenever a came out negative, as for S r = 0 and 0.19 percent TS, it was assumed to be zero to be consistent with Philip's theory. For these two cases, the resulting values for D s (1.13 and 2.04) must be considered "effective" depths of storage, since the values are well above the 0.2 to 0.7 cm stream depths actually measured (periodically) during the experiment. The average stream depth was normally 0.2 to 0.3 cm where the furrow was smooth with a uniform slope, but occasionally miniature slope reversals caused the very small stream to back up to much greater depths. The D s term must also account for evaporation that occurs during the run. It might also account for the extra storage that occurs in the zone of near-saturation that occurs in the top 2 cm of soil, as referred to by Bodman and Coleman (1944) . This is the same zone in which most of the sealing occurs (Chang, 1974 Asseed and Kirkham (1968) were fitted to the advance curves in Fig.  2 , and the results are shown in Table 5 . On the average, the correlation coefficients are about the same as those obtained with equation [13] . For the 0 percent and 0.19 percent TS treatments in Tables 4 and 5 the a term, which is the effect of capillary forces, is zero as it should be for a sandy soil, i.e., all flow is due to gravity forces, and the form of the equation for infiltration is D, = I e t. As the concentration is increased to 0.33 percent TS, capillary forces start to act, providing an advance curve which is similar to that produced when the soil has an infiltration equation of the form D, = Et m . as the concentration is increased further, the capillary effect is strong, significantly influencing the flow even at high values oft.
The log-log plot of the advance curves in Fig. 3 shows that a straight line is a good fit for S f > 0.33 TS, and this is consistant with the basic infiltration equation D, = at V2 + bt.
Referring to the data for a and D s in Table 4 , it appears that there is some threshold level that is passed when S f > 0.33 percent TS, and these values become fairly constant with a ranging from 0.16 to 0.32 and D s from 0.044 to 0.096. The value for b, the gravity term, is associated with l e . Apparently the value of b falls off faster than I e , as S r is increased. It was found that b is proportional to (1 + 2 S f ) " 2 4 , where (1 + 2 S f ) is the viscosity of the liquid manure from DeTar (1978). Fig. 2 shows that with the higher concentration of total solids, it takes longer for the stream to come to equilibriium. The average depth of liquid, D a , applied at equilibrium can be determined by [14] A study of this equilibrium depth showed that it was about the same for all treatments with an overall average of 9.9 cm. An analysis of variance showed that there was no significant difference between D a for the manure treatments and D" for water. Fig. 4 shows that [15] with the equivalent depth of application, D e = 8.04 cm. The correlation coefficient was 0.79, which is highly significant, based on 120 data points. Fig. 4 also shows the great variability in the intake rate for any particular treatment. For example, with an equilibrium time, t e , of 100 min, the corresponding I e would be 0.05 cm/min, but the field value of l e could vary anywhere from 0.02 to 0.15 cm/min, i.e., any predicted value for l e could easily be off by a factor of However, not enough information is available at the present to be able to evaluate the parameters, a, b, and D, for all the many possible combinations of soils and liquid wastes. The same thing applies to the equations in Table 5 . It appears that the best alternative is to find t e by testing a proposed site with water in several furrows and assume that the average depth of water applied at equilibrium will be the same for the liquid waste. Another solution would be to use the water test to get the effective depth, D e , in equation [15] and assume it is a constant for that soil and all liquids. DESIGN PROCEDURE Case I.
Equilibrium Time
Where a tail-water return system is used, the length of the furrow, l f , can be much less than the equilibrium length, and it can be made any length that's convenient. The question might be: for a given flow rate, how long will it take the stream to reach the end of the furrow?
The following simplying assumptions are made in the analysis:
1 The equation
•t/T [17] where T is the time constant, applies to all situations. It is exact for low values of S, on sandy soils and a good first approximation for the other situations. [18] This is characteristic of exponential curves. 4 The flow rate is just a trickle in all cases, so that flow is laminar.
5 A water test is made in at least 20 furrows under the conditions of high antecedent moisture. The flow rate must be low enough to permit the stream of water to come to equilibrium. This test is used to obtain the equivalent depth of application, D e , with [19] where l ew -overall average intake rate with water, and t ew -average equilibrium time for water. The test can also be used to verify the soil survey's estimate of permeability. The resulting width of stream for water can be used to estimate the width with liquid manure. See DeTar (1978) concerning the factors affecting the stream width. [22] which is the time it takes for the stream to reach the end of the furrow. A step-by-step procedure is now outlined.
Step 1. Run a water test in at least 20 furrows. Calculate the intake rate for every furrow, take an average, then use equations [1] and [19] to find D e . Use the width of the stream with water to estimate the width with the liquid manure.
Step 2. Use a local soil survey report, and the lower end of the range of intake rates obtained from the water test, to estimate l wc .
Step 3. Measure S,, the total solids content of the liquid manure in percent TS, by evaporating a small quantity in a drying oven.
Step 4. Use equation [5] , S" and l wc in equation [2] to find I e , the predicted intake rate for liquid manure.
Step 5. Use the l e from step 4 along with the D e from step 1 to find the equilibrium time, t e , in equation [15] .
Step 6. Use t e in Fig. 5 to determine k 2 .
Step 7. Calculate the average equilibrium length of the stream using a rearrangement of equation [1] , i.e. Step 8. Substitute L, i" t e , and k 2 into equation [22] to obtain the minimum length of time to run the liquid in the furrow. Note that as long as a tail-water return system is used, this length of time can be greater than just calculated; the limiting factor could be the quantity of nutrients that can be applied per unit land area.
Example problem.
Given: A water test yields: w = 15 cm, t ew = 30 min. 
Case II
Where a tail-water return system is not available, polluted runoff can be avoided by allowing the stream to come to equilibrium in the furrow, so that t f > L. For the example given above, the furrows would have to be at least (L =) 3200 cm long, and it would take (t e =) 113 min for the stream to reach that length, on the average. However, some of the intake rates will be only 40 percent of the average, meaning that the furrows would have to be 2.5 times as long to avoid all runoff. The alternative is to use individually controlled flow rates to each furrow such as with gated pipe or variable length "microtubing". Even then the uniformity of application will not be as good as in case I, but it might be acceptable in many cases.
SUMMARY AND CONCLUSIONS 1 For dilute liquid dairy manure, the equilibrium intake rate found in 90 furrow tests on a sandy loam soil was
Io s t /K
where S t is the total solids content of the manure, as a percent; l wc is a characteristic intake rate of the soil using water, found to be 0.188 cm/min; and k u a constant, was 0.53 for these tests. All values predicted by this equation were within 4.9 percent of the actual values.
2 Curves are presented showing the relative advance of the stream in the furrow for the various manure concentrations, and all curves were found to fit very well the form ^t L (at 1/2 + bt) + D Q
The parameters a, b, and D 5 were obtained from the advance curves and are presented in a table with the corresponding manure concentration. The term (at*/ 2 -f bt) is the accumulated depth of infiltration.
3 The shape of the advance curves and the values of the parameters a and b lead to the conclusion that with increasing total solid concentrations in the liquid manure, a sandy soil develops flow characteristics which are normally associated with much heavier soils. Capillary forces develop where they do not normally exist, and the hydraulic conductivity decreases.
4 Lower flow rates were found to significantly reduce the equilibriium intake rate. The effect tended to be less prominent at higher total solid concentrations. The reason suggested for this is that the depth of the stream has more influence on flow through the soil when the only forces acting are due to gravity.
5 A design procedure is given for determining the proper length of furrow and the time it takes the stream to reach the end of the furrow.
